The Fermi-LAT Collaboration * The F ermi Gamma-ray Space Telescope has detected the γ-ray glow emanating from the giant radio lobes of the radio galaxy Centaurus A. The resolved γ-ray image shows the lobes clearly separated from the central active source. In contrast to all other active galaxies detected so far in high-energy γ-rays, the lobe flux constitutes a considerable portion (>1/2) of the total source emission. The γ-ray emission from the lobes is interpreted as inverse Compton scattered relic radiation from the cosmic microwave background (CMB), with additional contribution at higher energies from the infrared-to-optical extragalactic background light (EBL). These measurements provide γ-ray constraints on the magnetic field and particle energy content in radio galaxy lobes, and a promising method to probe the cosmic relic photon fields.
explanation for this phenomenon is that the lobes are fueled by relativistic jets produced by accretion activity in a super-massive black hole residing at the galaxy's center.
With its unprecedented sensitivity and imaging capability (per-photon resolution, θ 68 ≃ 0
• .8 E −0.8 GeV ), the F ermi Large Area Telescope (LAT) (5) has detected and imaged the radio lobes of Cen A in high-energy γ-rays. The LAT image resulting from ∼10 months of all-sky survey data ( Fig. 1) clearly shows the γ-ray peak coincident with the active galactic nucleus (AGN)
detected by the Compton/EGRET instrument (6) and extended emission from the southern giant lobe. Because the northern lobe is characterized by lower surface brightness emission (in radio), it is not immediately apparent from a by-eye inspection of the γ-ray counts map. Nevertheless, from a counts profile extracted along the north-south axis of the source ( Fig. 2 ) γ-ray excesses from both lobes are clearly visible.
Spectra for each of the lobes together with the central source (hereafter, the "core") were determined with a binned maximum likelihood analysis implemented in GTLIKE (7) using events from 0.2-30 GeV in equal logarithmically spaced energy bins. Background emission was modeled by including the Galactic diffuse component, an isotropic component, and nearby γ-ray point sources (SOM). We fit the core as a point source at the known radio position and the lobe emission was modeled using a 22 GHz WMAP image ( (8); Fig. 1 ) with the core region within a 1
• radius excluded as a spatial template. The modeled lobe region roughly corresponds to the region 1 & 2 (north), and 4 & 5 (south) defined in (9) , where region 3 is the core (Fig. 2) . Assuming a power-law for the γ-ray spectra, we find a large fraction (>1/2) of the total >100 MeV emission from Cen A to originate from the lobes with the flux in each which is known to have a steep γ-ray spectrum (6) . For further details pertaining to the analysis of the lobe emission see the SOM.
It is well-established that radio galaxy lobes are filled with magnetized plasma containing ultra-relativistic electrons emitting synchrotron radiation in the radio band (observed frequencies, ν ∼ 10 7 −10 11 Hz). These electrons also up-scatter ambient photons to higher energies via the inverse Compton (IC) process. At the observed distances far from the parent galaxy (>100 kpc-scale), the dominant soft photon field surrounding the extended lobes is the pervading radiation from the CMB (11) . Because IC/CMB scattered emission in the lobes of more distant radio galaxies is generally well observed in the X-ray band (12) (13) (14) , the IC spectrum can be expected to extend to even higher energies (9, 15) , as demonstrated by the LAT detection of the Cen A giant lobes.
To model the observed lobe γ-rays as IC emission, detailed radio measurements of the lobes' synchrotron continuum spectra are necessary to infer the underlying electron energy distribution (EED), n e (γ), where the electron energy is E e = γm e c 2 . In anticipation of these F ermi observations, ground-based (16, 17) and WMAP satellite (8) maps of Cen A were previously analyzed (9) . Here, we separately fit the 0.4 − 60 GHz measurements for each region defined therein for the north (1 and 2) and south (4 and 5) lobes (see Fig. 2 ) with EEDs in the form of a broken power-law (with normalization k e and slopes s 1 and s 2 ) plus an exponential cutoff at high energies: n e (γ) = k e γ −s 1 for γ min ≤ γ < γ br and n e (γ) = k e γ
for γ ≥ γ br , such that the electron energy density is U e = E e n e (γ) dγ. To a certain extent, our modeling results depend on the shape of the electron spectrum at energies higher than those probed by the WMAP measurements (ν > ∼ 60 GHz; Fig. 3) ; we have assumed the spectrum to decline exponentially.
The IC spectra resulting from the fitted EED (parameters listed in Table S1 of the SOM) were calculated employing precise synchrotron (18) and IC (19) kernels (including KleinNishina effects) by adjusting the magnetic field, B. In addition to the CMB photons, we included IC emission off the isotropic infrared-to-optical EBL radiation field (9, 20, 21) , utilizing the data compilation of (22) . Anisotropic radiation from the host galaxy starlight and the wellknown dust lane was also included, but was found to have a negligible contribution in comparison to the EBL (Fig. 4 , see also the SOM). The resultant total IC spectra of the northern and southern lobes ( Fig. 3) with B = 0.89 µG (north) and B = 0.85 µG (south) provide satisfactory representations of the observed γ-ray data. These B-field values imply that the high-energy γ-ray emission detected by the LAT is dominated by the scattered CMB emission, with the EBL contributing at higher energies ( > ∼ 1 GeV; Fig. 4 ).
Considering only contributions from ultra-relativistic electrons and magnetic field, the lobe plasma is found to be close to the minimum energy condition with the ratio of the energy densities, U e /U B ≃ 4.3 (north) and ≃ 1.8 (south), where U B = B 2 /8π. The EED was assumed to extend down to γ min = 1; adopting larger values can reduce this ratio by a fractional amount for the south lobe, and up to ∼ 2× for the north lobe (SOM). For comparison, IC/CMB X-ray measurements of extended lobes of more powerful (FRII) radio sources have been used to infer higher B-fields and equipartition ratios with a range U e /U B ≃ 1 − 10 (12-14).
The radiating particles in the Cen A lobes lose energy predominantly through the IC channel, because the ratio of the corresponding cooling times is equal to the energy density ratio,
This manifests itself in the ∼order of magnitude dominance of the γ-ray component over the radio one in the observed SEDs (Fig. 3) . However, the magnetic field con-straints (thus the exact ratios of U CMB /U B ) are sensitive to the shape of the EED at the electron energies, E e > 0.1 TeV. On one hand, magnetic field strengths greater than B∼1 µG will underproduce the observed LAT emission for all reasonable forms of the EED, so the quoted ratio is formally a lower limit. Conversely, magnetic fields as low as ∼1/3 of our quoted values are strictly allowed if we invoke a sharper cutoff in the synchrotron spectrum at > ∼ 60 GHz, as would be expected in some aging models for extended radio lobes (cf., (9)). Such models with lower magnetic fields and EEDs with sharper upper energy cutoffs than the exponential form adopted here (Fig. 3 ) would result in IC spectra where the EBL rather than the CMB component become dominant in the LAT observing band. These models require large departures from equipartition (U e /U B > ∼ 10); even lower B-fields would violate the observed X-ray limit to the lobe flux (9, 23) .
For a tangled magnetic field, the total non-thermal pressures in the lobes are, p rel = (U e + U B )/3 ≃ 5.6 × 10 −14 erg cm −3 (north) and ≃ 2.7 × 10 −14 erg cm −3 (south). Such estimates can be compared to the ambient thermal gas pressure to enable further understanding of the dynamical evolution of such giant structures in general. Unfortunately, the parameters of the thermal gas at the appropriate distances from the nucleus of Cen A are not well known. Upper limits of the soft X-ray emission of the lobes (9), as well as Faraday rotation studies (24) indicate that the thermal gas number density is n gas < 10 −4 cm −3 within the giant lobes. Hence, the upper limit for the thermal pressure, p gas = nkT < 10 −13 (n gas /10
comparable to the evaluated non-thermal pressures.
Our modeling results allow us to estimate the total energy in both giant lobes, E tot ≃ 1.5 × 10 58 erg. This, divided by the lifetime of the lobes derived from spectral aging (9), τ ≃ 3 × 10 7 yrs, gives the required kinetic power of the jets inflating the giant lobes, L j ≃ E tot /2 τ ≃ 7.7 × 10 42 erg s −1 , which is close to the estimates of the total power of the kpc-scale outflow in the current epoch of jet activity (25) . For a black hole mass in Cen A,
this implies a jet power which is only a small fraction of the Eddington luminosity (L j ≃ 6.1 × 10 −4 L Edd ), and a relatively small jet production efficiency,
Because the p dV work done by the expanding lobes on the ambient medium is not taken into account, and the relativistic proton content is unconstrained in our analysis, the obtained values for E tot and L j are strict lower limits and could plausibly be an order of magnitude larger (cf., (27) • from the southern edge) of the southern lobe. The excess counts are coincident with the northern and southern giant lobes. . The component at higher energies is the total IC emission of each lobe modeled to match the LAT measurements (red points with error bars). The X-ray limit for the lobe emission derived from SAS-3 observations (23) is indicated with a red arrow; see (9) . The break and maximum frequencies in the synchrotron spectra are ν br = 4.8 GHz and ν max = 400 GHz, respectively. 
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Materials and Methods: LAT Data Selection and Tests of Spatial Modeling
The characteristics and performance of the LAT aboard Fermi are described in detail by (S1).
The data used in this work amount to 300 days of continuous sky survey observations over for these 11 field sources in our analysis, we include point sources at the positions quoted in Table S2 in our background model for which we left the fluxes and spectral power-law indices as free parameters. The locations of the point sources are indicated by boxes in Fig. S1 .
We model the core emission from Cen A with a point source located at the known radio position of (α J2000 , δ J2000 ) = (13 h 25 m 27 s , −43
• 01 ′ 09") for which we keep the flux and powerlaw spectral index as free parameters. The giant radio lobes of Cen A are modeled using a spatial template that is based on the WMAP 22 GHz image (S5) of Cen A (see main text and Fig. S1 ). To exclude the core emission from this template we set all pixels within a radius of 1
• around the core of Cen A to zero. We further split the template along an east-west axis running through the core of Cen A to obtained separate models for the northern and southern radio lobes. We model the spectrum of both lobes using power laws for which we keep the fluxes and spectral indices as free parameters.
We fit the core and radio lobes in addition to the background model to the data using a binned maximum likelihood optimization. The test statistic (TS) (S6) of the core amounts to 219, corresponding to a detection significance of 14.6σ. For the northern and southern lobes we obtain TS values of 29 and 69, which corresponds to detection significances of 5.0σ and 8.0σ, respectively. As a test, fake WMAP image templates were created by rotating the map by 90
• ,
180
• , and 270
• , bringing the lobes out of the alignment with respect to the radio emission. As expected, when fitting the data with these fake maps instead of the original WMAP template the TS is reduced by a large factor (∼ 4), indicating that the γ-ray emission indeed matches the radio morphology.
As Cen A is relatively close to the Galactic plane, an accurate modeling of the diffuse Galactic emission is important. We tested the stability of our results by replacing the standard model of diffuse Galactic emission by the model gll iem v01, i.e., from the GALPROP code (S2) and this is considered as a source of systematic uncertainty. The effect of different core exclusion radii was also tested, considering values of 1.5
• and 1.25
• in addition to the 1
• results quoted. The lower end of this range is defined by excluding enough of the core to sufficiently model its emission, and the upper end is the radius in which the lobe emission begins to be excluded. Lastly, systematic uncertainties were calculated considering the effect of the uncertainty in the IRFs (i.e., the LAT effective area, A eff ). These are summarized in Table S3 .
To investigate whether the γ-ray emission seen towards the giant radio lobes of Cen A could also be attributed to background blazars in the area, we have shown in the right panel of Fig. S1 the distribution of blazar candidates in the CRATES catalog of flat-spectrum radio sources (S7) within the ROI. We found a total of 11 γ-ray blazar candidates that spatially overlap with the radio lobes of Cen A. From Fig. S1 we can already notice that none of them coincides with a local maximum of γ-ray emission in the counts map. Fitting point sources at the positions of the 11 CRATES sources with flux and spectral power law index set free in addition to the core and lobe model of Cen A does not result in a significant detection for any of them, and does not lead to a significant reduction of the flux from the WMAP template that models the γ-ray emission from the lobes. We thus conclude that the emission seen towards the Cen A radio lobes cannot be attributed to known blazars in the field. Extended emission from the giant radio lobes of Cen A seems thus as the most plausible explanation of the observations.
Theoretical Modeling
Following (S8), we used a template elliptical galaxy spectrum (S9) normalized to the V -band apparent magnitude, m V = 7.0 (S10) to derive a luminosity of the host of L V ≃ 7.8 × 10 43 erg s
in this band. The far-infrared (FIR) emission of the dust lane is modeled as a modified black-
, where β = 1.5 is the dust emissivity power-law, T d ≃ 60 K is the assumed dust temperature (corresponding to the peak
12 Hz), and ν 0 = 3 × 10 12 Hz is the frequency below which the thermal dust emission becomes optically thin. This distribution is normalized to the total 100 µm Cen A flux of 400 Jy (S11), amounting to a luminosity of L 100 ≃ 2 × 10 43 erg s
at this wavelength. The spectra generated in this way are consistent with the monochromatic flux density measurements compiled by (S12).
In Fig. S2 , the relevant photon fields as seen by the lobes are plotted. These include the CMB (black) and the solid green line denotes the EBL model from (S13) adopted in our calculations for the radio lobes and would make the galactic photon fields even less relevant. In terms of our modeling results, smaller angles would also imply larger source volumes which would affect only the jet powers evaluated (making them larger), so the quoted estimate should further be considered as a lower limit.
each lobe region with a broken power-law in the form: n e (γ) = k e γ −s 1 for γ min ≤ γ < γ br
and n e (γ) = k e γ s 2 −s 1 br γ −s 2 exp[−γ/γ max ] for γ ≥ γ br . We initially considered a wide range of magnetic field strengths, B = 0.1 − 10µG, and adjusted the parameters of the EED (k e , s 1 , s 2 , γ br , and γ max ) to match the radio measurements. The IC fluxes were evaluated separately for each defined region (1, 2, 4, and 5) and the summed computed emission from each lobe was compared to the observed LAT spectra. The models found to best represent the radio and γ-ray measurements are reported (Table S1 ). Using different EBL models/compilations (Fig. S3) , we found the resultant IC SEDs are insensitive to the particular EBL models within the measurement uncertainties.
The low-energy ultrarelativistic electron energy distributions in the south lobe are relatively flat, with indices s 1 < 2. We note in this context that since the synchrotron continua for this lobe are significantly curved, the precise synchrotron kernel has to be used in evaluating the synchrotron emission for a given form of the electron spectrum. That is, no standard approximation relating the synchrotron spectral index, α (defined as S ν ∝ ν −α ), with the electron energy index, s = 2α + 1, can be made. Such an approximation holds when the electron energy distribution is of the form of a single (and steep) power-law, but not if the electron spectrum has a sharp break, which -in the considered case -affects the synchrotron spectra in the GHz range for the Cen A south lobe. If we increase s 1 for the southern lobe up to 2, we would not be able to reproduce the radio data well. We also note that with s 1 < 2, the derived total electron energy density (U e ) of the southern lobe is relatively insensitive to our assumption of the minimum electron energy (γ min = 1) with a decrease by only a few percent if we increase γ min to 100 for example. For the north lobe however, increasing γ min to 100 would result in a non-negligible (≃ 2×) decrease in U e because this lobe is characterized by a steeper low-energy electron spectrum.
In addition to the galactic emission, one can expect that the non-thermal emission from the active nucleus also illuminates the giant lobes, thus providing another possible seed photon source. For Cen A, the energy density of the nuclear emission at a distance r ∼ 100 kpc from the nucleus (corresponding to regions 2 and 4) can be estimated roughly as, U nuc
(see (S14) ). This is comparable at best to the EBL level at near-infrared/optical wavelengths but as the precise level is dependent on the unknown relativistic beaming parameters of the inner jet and uncertainty in the jet duty cycle, this is omitted in our estimates for simplicity. Table S1 . Measured & model parameters for the Cen A giant lobes. The quoted distances are from the core to the centroid of the different regions. Errors in the flux and photon indices are statistical only -see Table S3 for a summary of the systematic errors. giant lobes computed for different EBL levels/spectral shapes, from (S15) (black lines), (S16) (blue), (S17) (green), (S18) (red), (S13) (cyan), and (S19) (magenta). ] quoted are in the > 100 MeV band. In addition to the statistical (Stat.) errors, the sources of systematic (Sys.) uncertainties are due to limited knowledge about the LAT effective area (A eff ), variations of the diffuse model components (diff.), and core cut-out radius. Quoted are the minimum/maximum parameter differences from the values derived. The maximum values of each source of systematic error are added in quadrature to give the total systematic error.
